The conformational preference of tetrahomodioxacalix [4] arenes with three different para substituents on the phenolic ring has been investigated by using ab initio molecular orbital theory (RHF/6-31G*) and density functional theory (B3LYP/6-31G*). The stability order is predicted to be cone > C-1,2-alternate > partial cone > 1,3-alternate > COC-1,2-alternate. The distorted cone conformation is found to be most stable in a gas phase and the calculated results are in agreement with the reported 1 H NMR and X-ray experimental observations. The substitution of methylene with dimethyleneoxa bridges increases the size of the annulus of the molecule, its conformational mobility, and the number of hydrogen bonding patterns. The thermodynamic stability and the conformational characteristics of tetrahomodioxacalix [4] arenes are discussed in regards of the number of phenolic hydrogen bonding patterns and the polarity of a molecule. The substituent effects on the para position of the phenolic ring are also introduced.
Introduction
Calixarene chemistry has been explored with great attention due to its potential accessibility for molecular recognition, ion transport phenomena, enzyme model building, and the construction of sensors for a wide variety of applications. 1 Homooxacalixarene, where -OCH2-groups are incorporated into the calixarene macrocycle, are useful platform for the design of molecular containers with different cavity size and conformational flexibility. [2] [3] [4] [5] [6] [7] Tetrahomodioxacalix [4] arene (1-3 in scheme 1), containing two extra oxygen atoms in the macrocyclic ring, can provide larger cavity, greater flexibility, and extra coordination sites for guest complexation compared to calix [4] arene. [8] [9] [10] However, due to the synthetic difficulties, only limited studies have been reported on the syntheses, conformational analyses, and complexation of tetrahomodioxacalix [4] arenes. The first crystal structure of tetrahomodioxa p-t-butylcalix [4] arene was reported by Thuèry et al. to be a very distorted cone conformation containing intramolecular hydrogen bonding array which links both phenolic and ether groups. 11, 12 No et al. described the new designation with appropriate nomenclature on the five different conformations of tetrahomodioxacalix [4] arene to be cone, partial cone, C-1,2-alternate, COC-1,2-alternate, and 1,3-alternate as indicated in Figure 1 . 13 Recently, tetrahomodioxacalix [4] arene derivatives have been synthesized and several experimental attempts have been made to determine the conformational preference depending on the substituents.
14-20 Yet, no theoretical studies on the conformational preference of the homooxacalix [4] arenes have been reported. Since conformational mobility is detrimental to guest binding/inclusion, a mandatory step for the design of effective homooxacalix [4] arenes-based receptors is to understand the nature and origin of the conformational stability of parent homooxacalix [4] arenes. In this report, we report the first theoretical investigation on the conformations of tetrahomodioxacalix [4] arenes with three different R substituents, R=H, t-butyl, and phenyl (1-3), on the para position of the phenolic ring using semi-empirical and quantum mechanical theory. The purpose of this work is three fold. First, it is to determine the most stable conformation of parent tetrahomodioxacalix [4] arenes in a gas phase by various computational methods and to compare the results with the available experimental data. Secondly, it is to provide the theoretical understanding on the thermodynamic stability for 1, which can be applied to understand and predict the complexation behavior of 1. Lastly, the result of this work can be used to design other useful homooxacalix [4] arenes-based macrocycles with various diameters, depths, and polarity.
Computational Methods
An initial conformational analysis of tetrahomodioxacalix [4] arenes was first performed by molecular dynamic (MD) simulation. The constant-temperature MD simulations were executed by using the SANDER module of AMBER program package employing parm99 force field. 21 The molecular system was subject to 1000 steps of conjugate gradient energy minimization, and then brought into an equilibrium state for 100 ps using the Berendsen coupling algorithm. 22 In all calculations, an 8.0 Å non-bonded interaction cut-off was used and non-boned pair lists were updated every 20 integration steps. A 2 fs time step was used for the simulation. The simulation was performed for 300 ps at 900 K and the structures were saved every 1 ps for analyses. Thus total 300 structures were collected throughout a trajectory. Then we performed the geometry optimizations for those 300 structures using AM1 semi-empirical method 23 to find the energy minima that would be used as initial structures for a high-level geometry optimization. Using this method, we collected energy minima structures for each conformation and those structures were then confirmed by the vibrational frequency analysis at the AM1. For those structures, we then performed the high-level quantum mechanical calculations. The molecular orbital calculations were carried out using Gaussian 98 package. 24 Geometry optimizations were performed at the RHF/6-31G* level and a single point energy calculation was executed at the B3LYP/6-31G* level 25 for all RHF/6-31G* energy minima conformations. Frequency calculations were performed to verify the identity of each stationary point as a minimum. All energies discussed in the paper are at the B3LYP/6-31G*//RHF/6-31G* level unless otherwise noted.
Results and Discussion
While calix [4] arenes have four conformations: a cone, a partial cone, a 1,2-alternate, and a 1,3-alternate conformation, 1 tetrahomodioxacalix [4] arene can adopt five conformations with two different 1,2-alternate conformations: C-1,2-alternate and COC-1,2-alternate, as shown in figure 1. 13 For all structures, more than one representative of each conformation were found to be energy minima, because of the large degree of freedom introduced by two dimethyleneoxa linkages in the macrocycle. Also, the orientation of the hydroxyl groups can vary. For each conformation, only the representative with the lowest energy at the corresponding level of theory is listed and discussed below.
Conformational features of tetrahomodioxacalix[4]-arene (1).
The compound 1 is the simplest form of tetrahomodioxacalix [4] arene, yet no experimental structure has been reported due to its synthetic difficulty. For each conformation, AM1 and RHF/6-31G* optimized structures are similar in shape and only RHF optimized geometries are shown in Figure 2 . The relative energies and dipole moments are summarized in Table 1 . The theoretically predicted order of stability for 1 are cone > C-1,2-alternate > partial cone > 1,3-alternate > COC-1,2-alternate and this order is maintained at all levels of theory applied in this report. The stability order for tetrahomodioxacalix [4] arene is somewhat different from that for calix [4] arenes, where the stability order is cone > partial cone > 1,2-alternate > 1,3-alternate. [26] [27] [28] As shown in Figure 2 (a), the cone adopts the orientation that allows the formation of a cyclic array of intramolecular hydrogen bonds in the cavity. The high stability of the cone conformation is rationalized by the intramolecular hydrogen bonding array which links both phenolic and ether groups. Hydrogen bonds are displayed in dashed lines at the top view of each structure in Figure 2 . Four phenolic groups in a macrocycle of 1a act simultaneously as donor and acceptor to form four hydrogen bonds with H bond distance of 1.90 Å or 2.30 Å. Also the two ether links, which give the molecule high flexibility, are oriented to allow the ether oxygen atoms close to the phenolic proton giving two extra hydrogen bonds with H bond distance of 1.98 Å. Thus, the shape of the cone is distorted by the formation of a cyclic hydrogen bonding array connecting four phenolic oxygen atoms and ether oxygens, resulting two bifurcated hydrogen bonds.
The second lowest energy-minima structure for 1 is found to be C-1,2-alternate, 1b. As shown in Figure 2(b) , the distorted geometry due to -CH 2 OCH 2 -linkages are reserved to allow hydrogen bonds between phenolic proton and the ether oxygen, but the cyclic hydrogen bonding array linking four phenolic groups is no longer available in the C-1,2-alternate. The total number of hydrogen bonds is four in 1b instead of six in 1a with H bond distance of 1.90 Å. There is a two-fold axis of symmetry in 1b and the dipole moment is calculated to be zero. Each phenol ring carries a dipole along the C-O bond axis pointing toward the aryl carbon atom. Accordingly, each set of adjacent phenol rings has an inherent propensity to adopt anti rather than syn orientation. In 1b, a set of phenol rings facing each other are parallel, but each set of adjacent phenol ring is almost orthogonal to each other. This shape is characterized to maximize the number of H bonds and to minimize the electrostatic repulsion, resulting 3.22 kcal/mol higher in energy for 1b than that for 1a. The shape of the partial cone conformation, 1c is found to be 10.77 kcal/mol higher in energy than that for 1a and the shape is shown in Figure 2 (c). Although there are four hydrogen bonds: the three between phenolic protons and the ether oxygens (2.05 Å) and the one between two phenol groups (1.95 Å), unavoidable electrostatic repulsions to maximize H bonds result high energy and large dipole moment. In the case of calix [4] arene, 1,3-alternate is the least stable conformation due to the lack of H bonds. On the other hand, in the case of tetrahomodioxacalix [4] arene, two H bonds are found between the phenolic protons and the ether oxygens (1.98 Å) in 1d. Here, each adjacent phenol ring is anti, which benefits the most from the electrostatic effect. The least stable conformation for 1 is found to be COC-1,2-alternate, 1e. The optimized geometry for 1e still forms two H bonds between phenolic protons and ether oxygens (1.96 Å), resulting two phenol rings connected by -CH 2 OCH 2 -groups in close contact. As shown in figure 2e, the angle between two planes associated with phenolic rings on each side of ether linkage is ~70 o . Electrostatic repulsions between adjacent phenol rings attribute to the high energy for 1e.
Conformational features of tetrahomodioxa p-t-butylcalix[4]arene (2)
The compound 2 was first synthesized by Gutsche et al. 8b and it was concluded that 2 adopts a flattened cone conformation based on the temperature dependent 1 H NMR measurements.
8c Recently, the crystal structure for 2 was reported to adopt a distorted cone. 11 The RHF optimized structures for 2 are shown in Figure 3 . For these different energy minima structures, the calculated thermodynamic stabilities are listed in Table 2 . The theoretically predicted order of stability for 2 is in accordance with that for 1 that the cone is optimized to be most stable. As shown in Figure  3 , the cavity shape for 2a is very similar to that for 1a in Figure 2 . The cyclic array of the phenolic hydrogen bondings which link both phenolic and ether groups is critical enough to distort the macrocyclic ring of 2a. Also the H bond distances found in 2a are almost the same as the ones in 1a suggesting the para t-butyl groups do not disturb the shape. Masci et al. reported two different crystal structures for 2a: one in CH 3 CN solvent and the other in C 5 H 5 N and they differ in ether linkage conformations and intramolecular H-bonding pattern. 11 We located both of these cone conformations at both AM1 and RHF/6-31G* level. The lowest energy conformation, 2a, was discovered to be in accordance with the X-ray structure in CH 3 CN solvent, which is 2.6 kcal/mol lower in energy than the other that resembles the X-ray structure in C 5 H 5 N. Soon after, the same authors reported a different crystal structure for 2 in different solvent system, which shows only slight conformational changes in the ether linkages. 12 Compared to 1, the p-t-butyl substituents in 2 do not affect the overall shape but increase the polarity of the molecule.
The C-1,2-alternate, 2b, is only 3.11 kcal/mol higher in energy than that for 2a. As shown in figure 3 , the conformational features of 2b are very similar to those of 1b with four intramolecular H bonds in the macrocyclic ring. Also, the effect of the p-t-butyl substituents is not observed in the overall shape. The partial cone, 2c, in Figure 3 is 11.87 kcal/mol higher in energy than that for 2a and only 1 kcal/ mol lower than that for 2d. The p-t-butyl groups in 2c influence to the dipole of the molecule to be 4.81 debye with no geometrical change compared to 1c. 2e is the least stable structure. As for the case of 1e, due to the electrostatic repulsions between adjacent phenol rings, this COC-1,2-alternate is not likely to be the uncomplexed ligand structure in solution.
Conformational features of tetrahomodioxa p-phenylcalix [4]arene (3).
It is only recently that the facile synthetic method 14 was reported for 3 and soon after, the first crystal structure of complexed tetrahomodioxa p-phenylcalix [4] arene was reported to be a cone conformation. 18 The RHF/6-31G* optimized structures for 3 are shown in Figure 4 and the energetics are summarized in Table 3 . The theoretically predicted order of stability with p-phenyl substituents of 3 is remained the same compared to the ones for 1 and 2. In the most stable conformation, 3a, H bonding patterns and H bond distances are reserved compared to 1a or 2a. The cone, 3a, is 3 kcal/mol lower in energy than that for 3b. The energy of the most unstable structure, 3e, is 18.77 kcal/mol higher than that for 3a. It is noted that p-phenyl substituents are twisted from the parent phenol rings with the dihedral angle between phenolic plane and p-phenyl plane to be 45 o in all structures. This is rationalized to avoid the overlap between phenyl hydrogens from adjacent aryl rings. The intramolecular hydrogen bonding patterns still play the most important role to determine the conformations of 3.
Conclusion
In the present paper, we report the first theoretical study on the conformational features of parent tetrahomodioxacalix [4] arenes with three different para substituents using semiempirical and quantum mechanical theory in a gas phase. The molecular dynamic simulations were used for conformational analysis to locate initial structures for AM1 geometry optimization for each compound. Then further optimization at the RHF/6-31G* level was performed followed by the single point energy calculation at the B3LYP/6-31G* using RHF optimized geometry for each minima structure. Different from calix [4] arenes, tetrahomodioxacalix [4] arenes can adopt five different conformations and the stability sequence is predicted to be cone > C-1,2-alternate > partial cone > 1,3-alternate > COC-1,2-alternate regardless of the para substituents in the phenolic ring. The cone as being most stable is in agreement with the experimental observations by X-ray and NMR. The conformation of the cone is calculated to adopt the distorted and flattened cavity shape with cyclic array of phenolic H bonds and the bifurcated H bonds linking phenolic proton and ether oxygens as observed by X-ray structure. The substitution of methylene with dimethyleneoxa bridges increases the size of the annulus of the molecule, its conformational mobility, and the number of hydrogen bonding patterns. The substituent effect on para position of the phenolic ring is not observed to affect the overall shape and thermal stability order. The conformational analyses show that the most important factor Table 3 . Calculated relative energies (in kcal/mol) for 3 are listed at the AM1, RHF/6-31G*, and B3LYP/6-31G*//RHF/6-31G* level of theory. Dipole moments (in Debye) at the RHF/6-31G* level are listed.
AM1
RHF/ 6-31G* B3LYP/6-31G* //RHF/6-31G* to determine the geometry is the intramolecular hydrogen bonding pattern displayed by the phenolic groups and ether linkages in the cavity.
